Alternative oxidase (AOX) is a respiratory oxidase found in certain eukaryotes and bacteria; however, its role in bacterial physiology is unclear. Exploiting the genetic tractability of the bacterium Vibrio fischeri, we explore the regulation of aox expression and AOX function. Using quantitative PCR and reporter assays, we demonstrate that aox expression is induced in the presence of nitric oxide (NO), and that the NO-responsive regulatory protein NsrR mediates the response. We have identified key amino acid residues important for NsrR function and experimentally confirmed a bioinformatically predicted NsrR binding site upstream of aox. Microrespirometry demonstrated that oxygen consumption by V. fischeri CydAB quinol oxidase is inhibited by NO treatment, whereas oxygen consumption by AOX is less sensitive to NO. NADH oxidation assays using inverted membrane vesicles confirmed that NO directly inhibits CydAB, and that AOX is resistant to NO inhibition. These results indicate a role for V. fischeri AOX in aerobic respiration during NO stress.
Introduction
Alternative oxidase (AOX) is a haem-independent terminal oxidase present in the respiratory chains of all plants (Vanlerberghe and McIntosh, 1997) , as well as in certain fungi (Umbach and Siedow, 2000; Akhter et al., 2003) , protists (Castro-Guerrero et al., 2004; Czarna and Jarmuszkiewicz, 2005) , animals (McDonald and Vanlerberghe, 2004 ) and bacteria (Stenmark and Nordlund, 2003; McDonald and Vanlerberghe, 2005) . Unlike other respiratory oxidases, AOX does not directly contribute to the generation of a proton motive force (PMF) (Vanlerberghe and McIntosh, 1997) , although it may contribute to PMF indirectly when coupled with proton-pumping electron transport components. In addition, whereas other respiratory oxidases contain a haem-based reactive centre, AOX utilizes a di-iron centre (Berthold et al., 2002) . With the exception of in thermogenic plants, where AOX is used to generate heat during flowering (Meeuse, 1975) , its function is uncertain. In eukaryotes, AOX may contribute to metabolic homeostasis (Lambers, 1982; Hansen et al., 2002; Rasmusson et al., 2009; Vanlerberghe et al., 2009) , protection from oxidative stress (Purvis, 1997; Vanlerberghe and McIntosh, 1997; Wagner and Moore, 1997; Millar et al., 2001; Gupta et al., 2009; Vanlerberghe et al., 2009 ) and/or virulence (Clarkson et al., 1989; Akhter et al., 2003) .
The AOX was discovered in bacteria through genome and environmental DNA sequencing projects (Stenmark and Nordlund, 2003; McDonald and Vanlerberghe, 2005) , and the number of bacteria predicted to encode AOX continues to grow as more genomes are sequenced. Interestingly, a majority of these bacteria are marine organisms, suggesting that there may be a connection between certain environments and AOX function. Nonetheless, it remains unclear what role AOX plays in bacterial physiology, and its biological function awaits elucidation in a tractable model system.
We discovered an AOX-encoding gene in Vibrio fischeri ES114, a bioluminescent marine bacterium that forms a symbiotic relationship with the Hawaiian bobtail squid Euprymna scolopes (Visick and Ruby, 2006) . Vibrio fischeri is metabolically flexible, and it encodes both CydAB and CcoNOQP respiratory oxidases in addition to AOX. In this study, we exploited the genetic tractability of V. fischeri to investigate the regulation of aox and the physiological role of AOX. We determined that aox expression is regulated in response to nitric oxide (NO) by the NO-responsive regulatory protein NsrR, and we provide evidence that AOX constitutes a relatively NO-resistant respiratory oxidase for V. fischeri.
Results
Automated annotation of the ES114 genome sequence (Ruby et al., 2005) identified open reading frame VF_0578 as encoding AOX, and this ORF displays 53% identity over 195 of 349 amino acids to AOX in the voodoo lily (Sauromatum guttatum; accession number S30143). As with other known AOXs (Kumar and Soll, 1992; Chaudhuri et al., 1998) , we found that V. fischeri AOX can functionally complement the aerobic growth defect of Escherichia coli SASX41B (Avissar and Beale, 1989) , a hemA mutant deficient in haem biosynthesis (data not shown). Presumably, as a haem-independent respiratory oxidase, AOX completes an aerobic electron transport chain in the hemA mutant with PMF generated by upstream components such as substrate-specific dehydrogenases.
Respiratory oxidases present in V. fischeri ES114
In addition to AOX, the V. fischeri genome encodes respiratory oxidases similar to the FixNOQP/CcoNOQP cbb 3-type cytochrome oxidase (Thony-Meyer et al., 1994; Preisig et al., 1996; Delgado et al., 1998; Cosseau and Batut, 2004 ) and the CydAB quinol oxidase (Cotter et al., 1990; Kelly et al., 1990) . Characterization of strains lacking one of each of these respiratory oxidases suggests that under normal laboratory aerobic conditions, CydAB is essential for growth, whereas a lack of CcoNOQP or AOX does not affect growth (data not shown). The aerobic growth defect of a cydAB mutant was complemented by introduction of cydAB or aox on a multicopy plasmid (data not shown). In addition, when cydAB mutant cells were grown anaerobically and shifted to aerobic growth conditions, suppressor mutants frequently arose within 24 h (32% of the colonies, Ϯ 4%) that restored wild-type or near wild-type aerobic growth levels. Such suppressor mutants are rarely observed in a cydAB aox double mutant, suggesting that the presence of aox is important for restoring growth in most suppressors. Because AOX is not highly expressed during growth in laboratory medium (see below), one possible explanation for the ability of the suppressor mutants to grow aerobically is that the mutations increase aox expression. Higher aox expression could increase levels of AOX and restore aerobic growth to the cydAB mutant in much the same way that introducing aox on a multicopy plasmid restored this mutant's growth (data not shown).
aox mRNA levels and promoter activity increase in response to NO Microarray analysis revealed that VF_0578 transcript levels increased 82-fold in response to NO (data available under GenBank accession number GSE15522) (Wang et al., 2010) , suggesting that AOX is part of a NOresponsive regulon. To confirm the influence of NO on aox transcript levels, we performed quantitative reverse transcriptase PCR (qRT-PCR). Our results demonstrated that under normal growth conditions, transcript levels are relatively low, but they are induced~41-fold in response to NO (Table 1) . To test whether aox promoter (P aox) activity was also influenced by NO, we constructed both plasmid-and chromosome-based Paox-lacZ transcriptional reporters. Using a plasmid-based reporter that is maintained at~10 copies per genome , we found that Paox-lacZ activity increased fourfold in response to NO (Table 1) , whereas a 30-fold increase was observed using the chromosome-based reporter strain AKD781 (Table 1) . These results show that the aox promoter is upregulated in response to NO, and the relatively high background expression from the plasmid-based reporter might suggest that a NO-responsive repressor can be titrated by multiple copies of the aox promoter.
To determine whether increases in aox expression in response to NO correlated with increased production of AOX, a strain that expressed a translational fusion between AOX and green fluorescent protein (GFP) was exposed to NO and cellular GFP levels were examined using epifluorescence microscopy. AOX-GFP expression was only observed when cells were treated with NO (data not shown). This result corroborates the transcriptional data above and demonstrates that AOX is upregulated in response to NO.
NsrR negatively regulates Paox activity
In a previous bioinformatics-based report (Rodionov et al., 2005) , a binding site for the NO-responsive repressor NsrR (VF_2315) was predicted upstream of aox in V. fischeri, making NsrR a likely candidate for regulation of Paox activity (Fig. 1) . To explore this possibility, an in-frame nsrR deletion was placed in both the wild-type strain ES114, generating mutant AKD711, and in the chromosome-based Paox-lacZ reporter strain, generating mutant AKD785. In the absence of NO, Paox-lacZ activity was approximately 290-fold higher in the nsrR mutant (AKD785) relative to the nsrR + background (AKD712) ( Suppressor mutations compensating for poor aerobic growth of the cydAB mutant map to nsrR or the aox promoter region
As described above, a cydAB mutant has an aerobic growth defect, but suppressor mutants arise that have substantially restored growth. To test whether the suppressor mutations influenced aox transcription, we constructed strain AKD783, which contains the chromosomal P aox-lacZ reporter in a DcydAB background. Suppressor mutants in this strain were tested for increased Paox activity by plating on medium containing 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (Xgal). Ninety-six per cent (195 of 204) of suppressor mutants detectably expressed b-galactosidase, whereas this reporter was undetectable in the wild-type background. To determine whether aox expression in the suppressors correlated with changes in nsrR, we sequenced nsrR in a random subset of the suppressor mutants. Twelve of the 14 suppressors had mutations in nsrR that resulted in: (i) premature translational termination, (ii) single amino acid changes or (iii) a duplication of residues (Table 2 ). Premature termination resulted from GAA to TAA changes in three mutants, and the single amino acid changes varied in location and effect, including replacement of a cysteine likely required for [Fe-S] (ORF VF_0578). The sequence begins with the start codon for the oppositely transcribed gene (VF_0577) and ends with the start codon for VF_0578, which are marked with bold text. The putative NsrR binding site is underlined, with arrows indicating the inverted repeats. The mapped transcriptional start site is indicated in bold lower case. B. The putative NsrR binding site in wild type is compared with base pair changes introduced via site-directed mutagenesis (indicated by underlined lower case bold font) and insertions found in suppressor mutants (underlined bold font). These modified sequences were used in the in vivo LacZ-based binding assays (Fig. 2) . nsrR coding and promoter sequences were identical to wild type. However, when we sequenced the DNA upstream of the coding region of aox in these two mutants, in each strain we identified a single bp insertion in the putative NsrR binding site (Table 2 and Fig. 1 ).
Characterization of the putative NsrR binding site upstream of aox
To determine whether NsrR binds to the predicted site upstream of aox (Rodionov et al., 2005) , we utilized a plasmid-based repressor titration assay similar to that used previously in characterizing NsrR binding in E. coli (Bodenmiller and Spiro, 2006) . Approximately 200 bp upstream of the translational start of aox were cloned from wild type or the suppressor mutants (OG4 and OG1-10) into plasmid pVSV209. We also cloned a fragment with four site-directed bp substitutions relative to wild type ( Fig. 1 ). These plasmids and the pVSV209 control were each introduced into AKD781, which contains the chromosomal P aox-lacZ reporter. As demonstrated in Fig. 2 , the plasmid containing the wild-type sequence can alleviate repression of Paox activity, consistent with titration of NsrR. However, plasmids with the modified putative NsrR binding sites do not appear to effect NsrR-mediated repression of P aox-lacZ (Fig. 2 ). These data suggest that the inverted-repeat sequence is important for NsrR binding to the aox promoter region, as predicted. Moreover, we mapped the transcriptional start site of aox ( Fig. 1 ) to a region overlapping the putative NsrR binding site, further supporting the plausibility that NsrR acts as a negative regulator of aox expression.
Reduced activity of NsrR encoded by suppressor mutants
We considered the possibility that the suppressor mutants described above could contain unidentified mutations affecting P aox activity. Therefore, to test whether mutations in nsrR corresponded to the increase in Paox activity, we cloned wild-type nsrR and six unique nsrR variants into pAKD601B, placing nsrR expression under control of an IPTG-inducible promoter. These plasmids were then introduced into AKD712 (DnsrR, chromosomal Paox-lacZ), and cultures were grown with IPTG and assayed for b-galactosidase activity. Expression of wild-type NsrR in this strain repressed Paox-lacZ (Fig. 3) ; however, for all but one of the NsrR variants, little to no repression of Paox activity was observed (Fig. 3 ). In the one exception, strain OG1-6, the nsrR mutation either does not cause dere- b-galactosidase assays were performed on AKD712 (chromosomal aox-lacZ fusion strain) containing either an empty control plasmid (pAKD700), pAKD700 containing approximately 200 bp of the DNA sequence upstream of the start codon encoded by aox (WT; pAKD750), pAKD700 containing a PCR-modified aox promoter region (modified; pAKD751), and pAKD700 containing the aox promoter region PCR-amplified from either suppressor mutant OG4 or OG1-10. Sequences are shown in Fig. 1 . Plasmids are maintained at~10 copies per chromosome, and when they contain an NsrR binding site will effectively titrate out NsrR, relieving repression of aox transcription and resulting in production of LacZ. Cells were grown to mid-log phase in mineral-salts medium containing GlcNAc prior to harvesting for the assay. Data are the average of three independent cultures from one representative experiment. Error bars indicate standard error of the mean. The experiment was repeated three times. Asterisks indicate significant differences in mean activity compared with the pAKD700 control as determined using a Student's t-test. **P < 0.01; *P < 0.05. were performed on AKD785 (nsrR mutant, chromosomal aox-lacZ fusion strain) in which NsrR variants were overexpressed. nsrR genes from wild type and DcydAB suppressor mutants were cloned into pAKD601B, placing expression under the control of an IPTG-inducible promoter. Cells were grown in LBS medium overnight in the presence of kanamycin and IPTG before harvesting for the assay. High levels of b-galactosidase activity indicate a non-functional version of NsrR that can no longer bind to the aox promoter region and repress expression of lacZ. Bars are labelled with the name of the suppressor mutant from which the variant nsrR was isolated, along with the wild-type (WT) and empty plasmid controls. Data are the average of three independent cultures from one representative experiment. Error bars indicate standard error of the mean. Asterisks indicate significant differences in mean activity compared with the wild-type control as determined using a Student's t-test (P < 0.01). The experiment was repeated three times with similar results. pression of aox, or it has partial activity such that when this allele is on a multicopy plasmid it can repress aox.
Influence of AOX on oxygen consumption during NO stress
Using microrespirometry, we measured oxygen consumption patterns before, during and after NO treatment of wild-type V. fischeri, as well as strains lacking aox and/or nsrR. NO treatment inhibited oxygen consumption of wild type, but oxygen consumption in the nsrR mutant AKD711 was not affected by NO (Fig. 4A) . Thus, respiration appeared to be resistant to NO when the NsrR regulon was derepressed. The aox mutant (AKD780) had an oxygen consumption profile indistinguishable from that of wild type (data not shown), and this was observed under varying conditions (NO levels, oxygen tension at NO delivery, culture density, etc.). In addition, the nsrR aox double mutant, which would have all members of the NsrR regulon excluding aox derepressed, did not display an oxygen consumption profile distinct from the nsrR mutant, AKD711 (data not shown). These data could indicate that AOX does not contribute to oxygen consumption following NO challenge; however, it is possible that the experimental conditions do not allow us to detect such a contribution of AOX. For example, other predicted members of the NsrR regulon such as Hmp (Rodionov et al., 2005) may detoxify NO and thereby protect haemdependent oxidases (Stevanin et al., 2000) , obscuring a contribution by AOX in the nsrR mutant background.
To determine whether AOX can consume oxygen in the presence of NO, we utilized suppressor mutant OG1-10. This strain contains a single bp insertion upstream of aox that disrupts the putative NsrR binding site, uncoupling AOX expression from NsrR control and resulting in NO-independent aox expression. We deleted ccoNOQP in OG1-10, which already lacks cydAB, to eliminate possible contributions of respiratory oxidases other than AOX. The ability of the resulting strain (AKD789) to consume oxygen in the presence of NO was assessed, and compared with a strain only expressing CydAB (AKD788), which has an oxygen consumption profile similar to wild type. We found that AOX can consume oxygen in the presence of NO (Fig. 4B ), whereas oxygen consumption by CydAB is sensitive to NO. Our results also suggest that CcoNOQP does not contribute to measurable oxygen consumption by V. fischeri under these conditions. Interestingly, oxygen consumption by CydAB does not appear to be fully inhibited by the addition of 80 mM DEANONOate (Fig. 4B ) under these conditions. Doubling the amount of DEA-NONOate added yielded similar results, although it did increase the duration of inhibition (data not shown). For comparison, a study of E. coli CydAB indicated that at similar oxygen tensions, the half-maximal inhibitory concentration of NO was~400 nM (Mason et al., 2009) . Although our experiments were not identical to those used by Mason et al., their results support the idea that V. fischeri CydAB is relatively resistant to inhibition by NO. demonstrating the response to treatment with 80 mM DEA NONOate. Cells were grown in mineral salts medium containing GlcNAc to mid-log phase and placed in the respirometer chamber. DEA NONOate was injected into the chamber at an oxygen concentration of 190 mmol l -1 (indicated by the arrow). A. Profiles for wild type (solid line; OD600 of 0.310, total protein content of 1.29 mg) and the DnsrR strain AKD711 (dashed line; OD600 of 0.304, total protein content of 1.28 mg). The oxygen consumption profiles for AKD780 (aox mutant) and AKD786 (aox nsrR double mutant) were not consistently different from those of the wild type and nsrR mutant respectively (data not shown). B. Profiles for AKD788 (expressing only CydAB; solid line; OD600 of 0.299, total protein content of 1.25 mg) and AKD789 (expressing only AOX; dashed line; OD600 of 0.311, total protein content of 1.27 mg). Graphs demonstrate oxygen consumption profiles for one set of cultures and are representative of three independent experiments.
CydAB is directly inhibited by NO
The experiments described above indicate that NO inhibits CydAB-dependent oxygen consumption, but they do not distinguish whether NO inhibits production of respiratory substrates or CydAB itself. To address these possibilities, we performed NADH oxidation assays using inverted membrane vesicles from AKD788 (CydAB expression only) and AKD789 (AOX expression only). We found that NO inhibits activity of CydAB, similarly to potassium cyanide (KCN), whereas AOX is resistant to inhibition by NO or KCN (Fig. 5) . Although there is a somewhat lower NADH oxidation rate for AKD789 treated with NO, the difference is not significant (P > 0.05).
Discussion
This study represents the first description of a defined regulatory response of bacterial aox expression to a specific environmental condition, and connects this regulatory response to a physiological role in V. fischeri.
Our results demonstrate that aox is induced by NO and that this response is mediated by NsrR. Previous studies have revealed important characteristics of NsrR's activity and interactions with DNA, relying on targeted amino acid or binding site modifications or in vitro mutagenesis of binding sites (Isabella et al., 2009; Partridge et al., 2009) . We found that mutations affecting NsrR-mediated repression of aox conferred robust aerobic growth in a cydAB mutant, and we exploited this selection to identify key elements of NsrR and its binding site. This approach revealed both predicted and unexpected mutations affecting NsrR function. For example, substitutions that eliminated cysteines thought to be used for co-ordination of [Fe-S] cluster(s) (Tucker et al., 2008; Yukl et al., 2008; Isabella et al., 2009 ) resulted in NsrR variants that no longer repressed aox promoter activity. On the other hand, the relevance of the other amino acid substitutions in NsrR that disrupt its function is not as clear. A DNAbinding helix-turn-helix motif has been predicted for NsrR from other organisms (Tucker et al., 2010) ; however, the amino acid substitutions obtained in that analysis are not found in the corresponding region of V. fischeri NsrR (amino acids 26-47). Our ability to select non-functional NsrR variants, as well as binding site variants, in V. fischeri should continue to provide valuable insight into NsrR structure, function and DNA binding, particularly once they are combined with in vitro DNA binding assays.
Our results have also provided important new insights into the regulation of aox and AOX function in V. fischeri, identifying a link between NO and AOX. Previous work by others demonstrated that NO can inhibit aerobic respiration by haem-containing oxidases in numerous organisms, including plants (Millar and Day, 1996) and bacteria (Hori et al., 1996; Yu et al., 1997; Borisov et al., 2004) . In contrast, AOX proteins contain a di-iron reactive centre rather than haem (Berthold et al., 2002) , and AOX from plants is resistant to NO inhibition of respiration (Millar and Day, 1996) . Our results using microrespirometry confirm that at relatively high oxygen tensions (190 mM), NO can inhibit oxygen consumption by CydAB in V. fischeri, whereas V. fischeri AOX appears to be resistant to NO (Fig. 4) . Interestingly, it was recently reported in E. coli that cytochrome bd (CydAB) has a lower sensitivity to inhibition by NO, in addition to a lower K m for oxygen, than cytochrome bo, and therefore plays a role in protecting cells from NO stress at low oxygen tensions, a condition where NO detoxification systems are predicted to be least efficient (Mason et al., 2009) . It is possible that V. fischeri CydAB is not similarly NO-resistant, and that AOX is performing the role of protecting cells from NO stress at low oxygen tensions. Future work will explore the effect of NO on oxygen consumption of V. fischeri oxidases at lower oxygen tensions.
The results of this study connect the regulatory response of aox expression to a physiological role for NO-resistant oxygen consumption, but raise the question of how this relates to conditions V. fischeri encounters in the environment. Vibrio fischeri can be found free living or associated with a eukaryotic host such as E. scolopes (Visick and Ruby, 2006) . During colonization of E. scolopes, V. fischeri encounters host-produced NO (Davidson et al., 2004) , suggesting a possible role for AOX during host colonization. However, strains lacking aox are fully competent for host colonization (data not shown). Moreover, we placed a gene encoding GFP under control of the aox promoter and did not see induction of this reporter in symbiotic cells (data not shown), although we may have missed such expression if it were in a specific time and microniche in the symbiosis. These results suggest that either AOX is not required for host colonization, or the contributions of AOX to strain fitness during colonization cannot be measured using these assays (e.g. in the time frame of the experiments). Alternatively, AOX may be required for a lifestyle outside of the host, and many of the marine bacteria whose genomes encode AOX were isolated as planktonic organisms with no reported interactions with eukaryotic organisms. One possible source of NO in the environment is denitrifying bacteria, which can produce NO that affects surrounding microbes (Choi et al., 2006) . Future work will attempt to identify how AOX activity benefits V. fischeri fitness, which may help answer the question of the environments in which AOX contributes to bacterial growth and survival. The results of this study also raise the question of how aox expression and AOX function in V. fischeri relates to other aox-containing bacteria. The only other published report of AOX activity in bacteria focused on proteinexpression levels in Novosphingobium aromaticivorans in response to culture conditions, but did not test the influence of NO on AOX protein levels (Stenmark and Nordlund, 2003) . Future work will explore whether aoxcontaining bacteria regulate aox expression similarly, with corresponding physiological outcomes. Such studies will provide insight into the evolutionary history and ecological relevance of this interesting protein.
Experimental procedures

Reagents
All restriction enzymes and Quick ligase were purchased from New England Biolabs. The NO generator dietheylamine (DEA) NONOate was purchased from Cayman Chemical. DEA NONOate dissociates into NO in a pH-dependent firstorder process with a half-life of approximately 16 min at 22-25°C and pH 7.4, liberating 1.5 moles of NO per mole of parent compound. Stock solutions were made immediately before use by dissolving DEA NONOate in 0.01 N NaOH. PCR was performed using KOD Hifi DNA polymerase (Novagen) or Phusion DNA polymerase (New England Biolabs) and manufacturer-suggested conditions. Primers were synthesized by Integrated DNA Technologies and primer sequences are available upon request. Plasmids were purified using the Zyppy™ Plasmid Miniprep Kit (Zymo Research). Chromosomal DNA was purified using the Invitrogen Easy-DNA™ kit using protocol #3 in the provided manual. All PCR-amplified DNA fragments were verified by sequencing at the University of Michigan DNA Sequencing Core Facility or the Oklahoma Medical Research Foundation DNA Sequencing Center.
Growth media
Vibrio fischeri strains were grown at 28°C (unless noted) in either LBS (Stabb et al., 2001) , SWT (Boettcher and Ruby, 1990) wherein seawater was replaced with Instant Ocean (Aquarium Systems) or mineral salts medium [per litre: 378 ml of 1 M NaPO4 (pH 7.5), 50 ml of 1 M Tris (pH 8.0), 6 mg FeSO4-7H2O, 13.6 g MgSO4-7H2O, 0.83 g KCl, 19.5 g NaCl, 1.62 g CaCl2-2H2O] containing either 1.1 g l -1 N-acetyl glucosamine (GlcNAc) or 40 mM glycerol, 1 g l -1 vitamin-free casamino acids (Difco) and 0.59 g l -1 NH4Cl as carbon and nitrogen sources. When indicated, 100 mg ml -1 kanamycin or 2 mM IPTG were added to the culture medium. Escherichia coli strains were grown at 37°C in LB medium (Miller, 1992) with the 40 mg ml -1 kanamycin or 60 mg ml -1 ampicillin or 22.5 g l -1 HiVeg special infusion (HIMEDIA) containing 150 mg ml -1 erythromycin.
Strains and plasmids
Strains and plasmids used in this study are listed in Table 3 . General cloning procedures were used in E. coli strains DH5a (Hanahan, 1983) or DH5alpir , and constructs containing the RP4 origin of transfer were introduced into V. fischeri using triparental mating (Stabb and Ruby, 2002) . All Vibrio plasmids used in this study contain the pES213 origin of replication and are maintained at approximately 10 copies per chromosome .
V. fischeri mutants. Strains lacking aox (VF_0578), nsrR (VF_2315), and the cydABybgTE (VF_0953-6; elsewhere shortened to cydAB) or ccoNOQP (VF_1299-1302) operons were constructed using allelic exchange (Bose et al., 2008) , resulting in in-frame deletion mutants. Briefly, approximately 1.6 kb of DNA upstream of each target was PCR-amplified and fused to an approximately 1.6 kb DNA fragment downstream of each gene or operon using an engineered restriction site. The PCR products included the respective start and stop codons and in certain cases additional flanking codons, resulting in replacement of a majority of the gene or operon with a 6 bp restriction enzyme recognition site. Additional codons were included as necessary for primer design and included two codons prior to the stop in the Daox construct, three codons after the start and three prior to the stop in the DnsrR construct, one codon prior to the stop codon in the DcydAB construct, and one codon after the start in the Dcco-NOQP construct.
Plasmid-based Paox-lacZ transcriptional reporter. The plasmid-based reporter pAKD500 was constructed by PCR amplifying approximately 200 bp upstream of the start codon encoded by aox, and directionally cloning this fragment into pVSV209. The fragment corresponds to the intergenic region between aox and the divergently transcribed upstream gene and includes the NsrR binding site.
Chromosomal aox-lacZ transcriptional fusion reporter. The chromosomal reporter was constructed using allelic exchange as described above, with a slight modification. An approximately 1.6 kb fragment terminating at the stop codon of aox was PCR amplified and fused to an approximately 1.6 kb fragment beginning with the sequence immediately downstream of the stop codon of aox. The PCR primers were engineered to introduce a restriction site between the two fragments. lacZ and the corresponding ribosome binding site were PCR-amplified from pVSV103 using primers with engineered restriction sites. The lacZ fragment was inserted into the restriction site between the previously fused PCR products, generating an allele with aox transcriptionally fused to lacZ. This plasmid was then used for allelic exchange.
Quantitative reverse transcriptase PCR
Overnight cultures of V. fischeri were grown in 3 ml of LBS in 18 mm tubes with agitation. The next morning, 10 ml was subcultured into 3 ml of ASWT and grown to an OD600 of approximately 0.3, at which point 0.75 ml was added to 15 ml of mineral salts medium containing GlcNAc in 125 ml of Erhlenmeyer flask. This culture was grown to an OD600 of approximately 0.3, and 10 ml of culture was added to 50 ml of screw cap plastic conical tube. Two conical tubes were prepared per culture. To one tube, DEA NONOate was added to a final concentration of 80 mM, while the other tube was treated with a corresponding amount of 0.01 N NaOH as a control. Samples were incubated at 28°C for 30 min with shaking. Twenty millilitres of RNAprotect Bacteria Reagent (QIAGEN) was added to each tube and tubes were incubated for 5 min at room temperature. Samples were pelleted by centrifugation at 5000 g for 10 min at 4°C in an Eppendorf 5810 R benchtop centrifuge. Supernatants were discarded and pellets frozen at -20°C for no longer than 16 h. Total RNA was prepped using the QIAGEN RNeasy Mini Kit following the manufacturer's protocol for enzymatic lysis of bacteria using lysozyme. Residual DNA was removed by using the QIAGEN RNase-free DNase Set, with both on-and offcolumn digestion steps performed. cDNA was prepared for each sample from 1 mg of purified RNA using the manufacturer's recommended conditions in the SYBR GreenER Two-
Step qRT-PCR Kit (Invitrogen). qPCR was performed using an Applied Biosystems 7300 real-time PCR machine following the qRT-PCR kit manufacturer's recommended reaction conditions using 2 ml of cDNA and 58°C as the annealing/ extension temperature. Primers were designed to target an internal fragment of aox or rpoD (VF_2254) as a normalizing control. PCR efficiencies were similar for both targets. Data presented are relative quantification values calculated using the comparative CT method and rpoD as the reference gene control. qRT-PCR data presented is the average of four independent runs using RNA isolated from four independent experiments.
b-galactosidase assays of aox promoter activity
The chromosomal transcriptional aox-lacZ fusion strain AKD712 or ES114 containing pAKD750 was grown as described above for quantitative PCR; however, 6 ml of culture was added to 6 ml of mineral salts medium containing GlcNAc in 15 ml of screw-cap conical tube. Samples were treated with DEA NONOate as described above, and cells harvested by pelleting at 5000 g for 5 min. Supernatant was discarded and pellets frozen at -20°C for no longer than 24 h. Cell pellets were then resuspended in 1 ml of Z buffer and b-galactosidase assays performed using a modified Miller assay as previously described (Bose et al., 2008) . For each experiment three independent cultures of each strain were assayed, and each experiment was repeated at least three times. Data shown are from one representative experiment. For in vivo titration assays for NsrR binding utilizing pVSV209 derivatives, cultures were grown overnight in LBS medium containing kanamycin, and 60 ml of this culture was added to 15 ml of mineral salts medium containing GlcNAc in 125 ml of Erhlenmeyer flask. Cultures were grown at 28°C with shaking until reaching an OD600 of approximately 0.45, at which point 10 ml of culture was harvested as described above.
For in vivo titration assays for NsrR binding utilizing pAKD601B derivatives, single colonies were used to inoculate 3 ml of LBS containing kanamycin and IPTG, and after approximately 16 h of growth at 28°C, 1 ml of culture was harvested by pelleting for b-galactosidase assays.
Isolation and characterization of DcydAB suppressor mutants
AKD783 (DcydAB, aox-lacZ chromosomal fusion) was streaked from -80°C glycerol freezer stocks onto LBS medium and placed in a BD GasPak EZ anaerobic system (Becton, Dickinson and Company) overnight at 28°C. The following morning one colony was suspended in 100 ml of LBS and 50 ml of the suspension was injected into a sealed tube containing 3 ml of anaerobic LBS. Tubes were prepared by adding medium, sealing with butyl rubber septum-like stoppers (Bellco) and aluminum seals (Wheaton), and sparging for 7 min with 100% N2 gas prior to autoclaving.
After incubation at 28°C with shaking for 24 h, cultures were dilution plated onto LBS agar and incubated anaerobically using the GasPak system for 24 h at 28°C. The number of colonies was counted and plates were placed at atmospheric oxygen tensions for 24 h at 24°C. After anaerobic incubation colonies were small and clear in appearance. Suppressor mutants were identified by large, yellow outgrowth from the small clear colonies. The outgrowth colonies grow similarly to wild-type V. fischeri, which displays vigorous yellow colonies on LBS medium after aerobic growth. The number of outgrowth colonies was counted and colonies were patched to LBS medium containing 100 mg ml -1 Xgal (Research Products International) and incubated for approximately 14 h at 28°C. Blue patches indicate strains in which Paox activity is no longer repressed. AKD781 was used as a control for Paox repression.
Suppressor mutant strains were characterized by PCR amplification and sequencing of nsrR or the promoter region of aox. nsrR fragments were cloned into pJet1.2, using the CloneJET™ system (Fermentas) and sequenced. For in vivo titration assays for NsrR binding, nsrR sequences were PCR amplified using primers targeting the coding sequence and cloned into pAKD601B. aox promoter regions were cloned into pVSV209 and sequenced. These plasmids were used in the in vivo NsrR titration assays along with pAKD750 (wildtype aox promoter region) and pAKD751 (modified aox promoter region). pAKD751 was constructed by using pAKD750 as a template in PCR with primers containing the modified sequence and a SalI restriction site. The PCR product was then digested and ligated, and the sequence changes verified by sequencing.
aox transcription start site mapping by primer extension Primers (20 pmol) were end labelled using T4 polynucleotide kinase (NEB) and 100 mCi g32P ATP (7000 Ci mmol -1 ) (MP Biomedicals). Excess label was removed using the Qiaquick Nucleotide Removal Kit (Qiagen). The final primer concentration was 500 fmol ml -1 . Sequencing reactions were performed using the Thermosequenase ® Cycle Sequencing Kit (USB, Cleveland, OH) according to the radiolabelled primer cycle sequencing protocol using 500 fmol of the end labelled primer and 50 ng of a plasmid containing the promoter region and coding sequence of aox (pAKD602).
For primer annealing 10 mg of total cellular RNA from V. fischeri exposed to 80 mM DEA NONOate (as described above for quantiative PCR) was combined with 100 fmol of end labelled primer from above in a volume of 15 ml in 1¥ first strand buffer (Fermentas). The mixture was heated to 68°C in a metal heat block for 10 min. The samples were allowed to slowly cool until they reached 37°C. At this time the reaction mixture was brought to 50 ml with 1¥ first strand buffer containing 1 mM each dNTP, 40 U of Ribolock TM RNase inhibitor (Fermentas) and 40 U of M-MulV reverse transcriptase (Fermentas). Reactions were incubated at 37°C for 1 h followed by 10 min at 70°C to stop the reaction. Reactions were ethanol precipitated and pellets resuspended in 4 ml of formamide loading buffer and 1 ml of 1 M urea. Reactions were heated to 95°C for 2 min and loaded on an 8% denaturing polyacrylamide gel alongside the appropriate sequencing reactions. Gels were exposed to a phosphorimager screen and visualized using a Storm 820 Phosphorimager (GE Healthcare).
Measurements of oxygen consumption
Microrespirometry followed previously published protocols (Yu et al., 1997; Stevanin et al., 2000) . Oxygen consumption by bacterial strains was measured using a Unisense Modular Microrespiration System with 2 ml of chambers modified to include injection portals. Calibration was performed using a fully aerated solution and an anoxic solution consisting of 0.1 M each of sodium ascorbate and sodium hydroxide. Both solutions were the same salinity as the culture medium. To produce cultures for analysis, 60 ml of an overnight culture grown in LBS was subcultured into 15 ml of mineral salts medium containing GlcNAc in 125 ml of Ehrlenmyer flask, and grown to an OD600 of approximately 0.3. Actual OD600 values for the presented data are reported in the respective figure legends, and the corresponding soluble protein concentration for each sample is reported. To determine protein concentration, 1 ml of samples of each culture was pelleted, frozen at -20°C and resuspended in 1 ml of phosphate buffer (20 mM potassium phosphate buffer, pH 7.8 with 10 mM MgSO4 and 0.2 M NaCl). Samples were sonicated using a Branson Digital Sonciator outfitted with a microtip at 20% amplitude (corresponding to 10 W) for two 20 s bursts separated a 2 min incubation on ice. Samples were spun for 5 min at 15 000 g in an Eppendorf 5424 microcentrifuge and the protein concentration in the supernatant was measured using the Quant-iT TM protein assay kit and Qubit fluorometer (Invitrogen).
Culture samples were pipetted into the microrespiration chambers to maximize aeration of the medium, and the chambers were placed a 28°C water bath before introducing the oxygen probe. To prevent oxygen gradients and promote mixing, a magnetic stir bar rotating at 280 r.p.m. was placed in each chamber. To introduce NO, 20 ml of a stock solution of DEA NONOate (1.67 mg NONOate in 1 ml of 0.01 N NaOH) was injected to achieve a final concentration of 80 mM DEA NONOate in the reaction chamber. Changes in oxygen concentration (mmol l -1 ) over time were logged using the provided MicOx software, and graphs were produced using Microsoft Excel 2007. DEA NONOate was added at an oxygen tension of 190 mmol l -1 to represent a time when readings had stabilized and oxygen tensions represented fully aerobic growth conditions. Experiments were performed using a single culture of each strain, and experiments were repeated at least three times with independent cultures. Representative data are shown.
Preparation of inverted membrane vesicles
Inverted membrane vesicles from V. fischeri were prepared using modifications of protocols for E. coli (Imlay, 1995) and Vibrio alginolyticus (Tokuda and Unemoto, 1984) . First, 200 ml of an overnight culture of either AKD788 or AKD789 was grown in LBS medium and subcultured into 100 ml of LBS medium supplemented with 0.2% glucose in 1000 ml of Ehrlenmyer flask, and grown at 28°C to an OD 600~0.3. The average OD600 value for the three AKD788 samples was 0.308 Ϯ 0.01 and for the three AKD789 samples was 0.298 Ϯ 0.02. When cultures reached an OD600 of~0.3, chloramphenicol was added to a concentration of 20 mg ml -1 , and cultures were allowed to incubate for 10 min at 28°C with shaking prior to placement on ice. Cells were pelleted at 8000 g for 5 min at 4°C in an Eppendorf 5810 centrifuge, resuspended in 50 ml of phosphate buffer (20 mM potassium phosphate buffer, pH 7.8 with 10 mM MgSO4 and 0.2 M NaCl), pelleted again, and resuspended in 5.5 ml of phosphate buffer. Samples were sonicated on ice using a Branson Digital Sonciator outfitted with a microtip at 20% amplitude (10 W) for five 20 s bursts separated by 1 min incubations on ice. The lysate was clarified by centrifugation at 18 000 g for 20 min at 4°C. The inverted membrane vesicles were pelleted by centrifugation at 100 000 g for 2 h at 4°C, and suspended in 0.2 ml of phosphate buffer. Inverted membrane vesicles were kept on ice and used within hours of preparation.
NADH oxidation assays
Assays were performed essentially as described in Tokuda and Unemoto (1984) ; however, the assay temperature was 23°C and 50 mg of membrane protein was used in the assay. Protein concentration was determined as described. The absorbance of NADH at 340 nm was monitored, and NADH oxidation rate was determined using a molar extinction coefficient for NADH of 6.22 ¥ 10 3 l mol -1 cm -1 .
